We designed an optically thin photoconductive channel as an all-dielectric metasurface comprising an array of low-temperature grown GaAs nanobeams and a sub-surface distributed Bragg reflector. The metasurface exhibited enhanced optical absorption, and it was integrated into a photoconductive THz detector, which showed high efficiency and sensitivity as a result. The detector produced photocurrents over one order of magnitude higher compared to a similar detector with an unstructured surface with only 0.5 mW of optical excitation while exhibiting high dark resistance required for low-noise detection in THz time-domain spectroscopy and imaging. At that level of optical excitation, the metasurface detector showed a high signal to noise ratio of 10 6 . The detector showed saturation above that level. © 2018 Author(s).
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Detection of terahertz (THz) radiation with high sensitivity and efficiency remains a challenging problem for THz technology development. 1 Among the most sensitive and widely used room-temperature coherent THz detectors are ultrafast photoconductive switches. [2] [3] [4] One of the factors limiting the detector efficiency and bandwidth is the size of the photoconductive channel. For efficient photo-carrier generation, the channel thickness is typically made comparable to the optical absorption length, which is in the range of 1 µm for bulk direct bandgap semiconductors. 5 The absorption length however exceeds the photo-carrier drift length leading to recombination of the majority of photo-carriers before reaching the metallic contacts.
A THz photoconductive detector with a nanoscale channel was demonstrated recently using a single GaAs nanowire. 6 However achieving sub-picosecond photo-carrier lifetime and enabling efficient photo-excitation of semiconductor nanowires remain challenging. Plasmonic nano-antennas and gratings, and ultrathin optical cavities enabled nanoscale engineering of the active region in THz optoelectronic devices. [7] [8] [9] [10] [11] [12] [13] It allowed obtaining higher photocurrents and smaller capacitance, which lead to improvements in the response speed and efficiency of the detectors. The nanoscale active regions also enabled more sensitive THz near-field probes. 11, 12 Plasmonic nanostructures however introduce Ohmic losses, which can substantially reduce the responsivity of THz detectors. For example, the Ohmic losses were estimated to be as high as 40% for a detector with a 50 nm thick photoconductive layer, reducing the benefits gained due to the plasmonic nanoantennas. 14 Alternatively, efficiency of photoconductive THz detectors can be enhanced by using alldielectric metasurfaces; this approach has not yet been investigated. Nanoscale dielectric structures support optical resonances, 15 and a metasurface containing only dielectric, instead of plasmonic a Author to whom correspondence should be addressed: o.mitrofanov@ucl.ac.uk. nanostructures, can be designed to trap the incident light in a selected spectral range and thus enhance optical absorption. [16] [17] [18] [19] [20] [21] [22] The aim of this study is to exploit the concepts of all-dielectric metasurfaces in THz photoconductive devices. We propose and demonstrate a THz photoconductive detector with an optically thin nanostructured photoconductive layer, which enhances optical absorption, thus promising efficient ultrathin THz detectors. We found that the nanostructured channel improved the optoelectronic properties of the detector: it increased the photocurrent induced by the THz field by over one order of magnitude, whereas the dark resistivity of the channel was found high compared to bulk devices, ensuring a high ON/OFF ratio, and thus leading to sensitive and efficient THz detection. Required optical excitation power (average) for reaching optimum THz detection operation was only 500 µW.
The nanostructured channel consists of nanobeams etched in a thin layer of low-temperature (LT) grown GaAs and a distributed Bragg reflector (DBR) underneath. This metasurface is designed to support a confined mode, as our numerical modeling and experimental results confirmed. The structure efficiently absorbs ultrafast optical excitation, and owing to the sub-picosecond carrier lifetime in LT GaAs, it can be quickly switched between the conductive and resistive states. We designed and fabricated a photoconductive THz detector with the metasurface incorporated into the gap of a 100 µm long THz dipole antenna.
The nanostructured photoconductive region is schematically illustrated in Fig. 1 (a). It comprises an array of nanobeams etched on the surface of a ∼160 nm thick LT GaAs epilayer. The period of the array was 280 nm, and the height of nanobeams was ∼70 nm. The width of the beams was varied in this study to enable wavelength tuning of the resonance. This structure absorbs ∼80% within a 10 nm band, which can be matched to the spectrum of a femtosecond pulse Ti:sapphire laser.
Figure 1(b) shows a numerically obtained electric field profile at 800 nm in a plane perpendicular to the nanobeam axis. The electric field distribution has a circular pattern with the center located in the middle of the channel layer, underneath the nanobeam [ Fig. 1(b) ]. While the circular field distribution inside the channel is similar to a magnetic dipole resonance, the field pattern above the channel, in the low-permittivity dielectric, appears as the electric dipole-like distribution. Furthermore, the excitation couples to the neighboring nanobeams and the distributed Bragg reflector. The nature of the resonance in this structure therefore is more complex than the classical Mie resonances. 15 This field distribution represents a confined mode, which can be observed as dips in reflectivity and transmission spectra [ Fig. 1(c) ], and more clearly in the absorption spectrum [ Fig. 1(d) ] evaluated numerically, 23 where a 50 nm wide absorption peak rises above the typical spectrum of GaAs absorption. 4 We note that the optical properties of this mode are similar to the mode in a hybrid cavity consisting of a plasmonic nano-antenna array and DBR. 12, 14 The metasurface in Fig. 1(a) was fabricated as 20 × 20 µm 2 patches with the nanobeam width varied from 80 nm to 180 nm (fabrication details are summarized at the end of the letter). The variation allowed us to "tune" the mode wavelength and optimize absorption of the optical excitation. Two identical nanobeam patches of each width were fabricated: one was used for reflectivity characterization and the other was used for integration with a THz antenna to form a THz detector, as shown in Fig. 2 . Another reference THz antenna with the same dimensions was fabricated 150 µm away on the flat LT GaAs layer. Both antennas were connected to the same transmission lines for direct comparison.
The THz detectors were tested in a THz time-domain spectroscopy system with a 1 mm thick ZnTe crystal used for generation of THz pulses via optical rectification of 100 fs pulses (800 nm, repetition rate: 78 MHz, average power: 400 mW). Details can be found in Ref. 14. The generated THz beam was focused (diameter: 500 µm) on the detectors. No solid immersion lens was used for further focusing to minimize sensitivity to the THz detector alignment. The detectors were photoexcited in the THz antenna gap by optical pulses from the same laser (excitation beam diameter ∼2.5 µm).
Both the metasurface and the reference detectors recorded similar waveforms of the THz pulse; however, the metasurface detector exhibited ∼15 times higher photocurrent (Fig. 3) . The metasurface detector showed excellent frequency response [ Fig. 3(b) ]. Identical THz pulse waveform shapes with increasing amplitudes were detected for the optical excitation powers of 0.5 mW, 1 mW, and 2 mW (see the supplementary material). To determine optimal detector performance conditions, the peak photocurrent was measured as a function of the optical excitation pulse power. It showed a saturation behavior above 0.5 mW [ Fig. 3(c) ]. Although the photocurrent response continued to increase with the excitation power above 0.5 mW, the noise level also increased, and there was marginal improvement in the signal-to-noise ratio of ∼10 6 [ Fig. 3(b) ]. It indicates that the laser noise was the dominant noise source for the excitation power above 0.5 mW. We therefore conclude that the metasurface detector performed optimally with only 0.5 mW of optical excitation, which is several times lower than the power required for typical photoconductive detectors made of bulk LT GaAs. 2, 4 We expect that the signal-to-noise ratio in the unpatterned detector can also reach the level of 10 6 at higher excitation powers (∼5-10 mW), although we did not investigate this. We note that the dark resistance of the tested detectors was >10 GΩ, ensuring a large ON/OFF resistance ratio required for low-noise operation of photoconductive THz detectors.
To verify the origin of the response enhancement, we characterized the reflectivity of the nanostructure and compared it to the reflectivity spectrum of the reference detector surface (Fig. 4) . For direct comparison, the reflectivity spectra were normalized to that of a gold patch fabricated next to the detectors on the same GaAs surface. 24 The spectrum of the unpatterned surface showed a clear DBR stop band between 750 nm and 850 nm. We note that the 160 nm layer of LT GaAs corresponds to ∼3/4λ in GaAs and thus it acts as the first layer of the DBR. We estimated that about 10% of the incoming light is absorbed in the layer. In contrast, the nanobeam spectrum showed a drop in reflectivity down to ∼5% at the center of the stop band for the polarization perpendicular to the nanobeams, as expected for the resonant mode (Fig. 1) . Based on our numerical simulations, ∼40% on the incident photons are absorbed in the photoconductive layer. We attribute the reduction in reflectivity in the center of the DBR stop band to the destructive interference of the waves reflected by the DBR and the wave scattered by the nanobeams, similar to the effect in the cavity consisting of the DBR and the nano-antenna array. 14 The experimental spectra (Fig. 4) and the performance of the THz detectors (Fig. 3) consistently showed a lower reflectivity at 800 nm and a higher detector response for the TM polarization, where the incident electric field vector is perpendicular to the nanobeam axis (Fig. 4) , whereas a conventional detector showed almost identical properties for the two polarizations (Fig. 3) . This is consistent with the simulated mode in Fig. 1(b) , which is excited by the incident light with the polarization direction perpendicular to the nanobeam axis.
The enhanced optical absorption due to the nanostructured surface largely contributes to the higher photocurrent response of the metasurface THz detector compared to the reference detector; however, we found that the increase in absorption within the photoconductor was insufficient to account for the over 10 times increase of the responsivity. Another contributing factor could be a larger contact area between the antenna tips and the semiconductor in the case of the nanopatterned detector.
We note that the optical field [ Fig. 1(b) ] is distributed not only within the photoconductive channel but also within the DBR. Photocarriers generated in the DBR however do not contribute to the photocurrent. Our numerical estimations indicate that ∼40% of the incident light is absorbed in the DBR if GaAs is used for the high-index DBR layers, as in this study. To avoid the parasitic absorption in the DBR, non-absorbing materials, such AlGaAs with Al composition above ∼20% should be used for the high index layer. In that case, the photoconductive channel absorbs over 80% of the laser excitation [ Fig. 1(d) ].
We found that the enhanced optical absorption effect occurred for nanobeams of different widths. Structures with the width ranging from 80 to 110 nm showed a small shift in the position of the reflectivity dip (see the supplementary material) with the minima of reflectivity below 5%. The deviation of the minimum reflectivity wavelength from the target (800 nm) due to the variation of nanobeam width can be compensated by tuning the excitation laser wavelength to the wavelength of the reflectivity minimum.
The proposed THz detector can be improved further: the antenna gap can be reduced from 1.5 µm to 200-500 nm to make the channel shorter and to capture more photocarriers. In the present implementation, we estimated that 6-7 nanobeams were photoexcited. However a single nanobeam also supports a confined resonance 19 and therefore could be used for enhanced optical absorption in the channel.
Fabrication: The samples were fabricated from a molecular beam epitaxy grown heterostructure (wafer VA0757), consisting of a 270 nm think GaAs layer on top of a DBR stack. To achieve subpicosecond carrier lifetime required for THz detectors, the top GaAs layer was grown at 250 • C. The DBR stack consisting of 5 pairs of Al 0.6 Ga 0.4 As/GaAs (60 nm/55 nm) was designed for high reflectivity at the excitation wavelength (800 nm). After the growth, the wafer was annealed at 600 • C for 40 s. The initial 270 nm thick GaAs layer was first etched to the thickness of ∼160 nm using Cl-based dry etching (see below for details) and then patterned with stripes arranged periodically (280 nm period) using electron beam lithography (EBL, see below for details). A range of different EBL exposures (180-250 µC/cm 2 ) was used to vary the width of the stripes. The surface was then dryetched to the depth of ∼70 nm to form the nanobeams with vertical walls. The structure was attached to a 0.5 mm thick sapphire substrate (unknown orientation) using epoxy (EPO-TEX 353ND) with the etched surface facing the sapphire substrate. The bulk GaAs wafer was removed by mechanical and chemical wet etching. 12 The remaining structure contained only the LT GaAs nanobeams on top of the 90 nm thick LT GaAs layer and the AlGaAs/GaAs DBR attached to the surface of the sapphire substrate. THz photoconductive antenna detectors were fabricated using EBL by depositing metallic contacts 11 with sharp points and a 1.5 µm gap, directly over the nanobeams.
Dry etching: An inductively coupled plasma system was used for dry etching. BCl 3 , Ar, and N 2 were injected into the sample chamber at gas flow rates of 20, 2.5, and 4 standard cubic centimeter per minute, respectively. The radiofrequency sample chuck power was 240 W.
EBL: For electron beam lithography, we used PMMA950C resist (span at 3000 rpm for 30 s and baked at 180 • C for 180 s). Lithographic patterns were developed in a solution of IMBK:IPA (1:3) for 60 s and rinsed in IPA for 20 s.
See supplementary material for results of the experimental investigation of the THz detector response for different optical excitation powers and for reflectivity spectra of the metasurfaces fabricated with different nanobeam widths.
